Objective: The purpose of this study was to determine whether temporal envelope processing is reduced in older listeners. Experiment 1 tested the hypothesis that older listeners exhibit reduced speech unmasking at higher modulation rates. Experiment 2 tested the hypothesis that auditory steady state response (ASSR) amplitudes are reduced in older listeners at high modulation rates.
INTRODUCTION
Auditory temporal processing abilities tend to decline with advanced age independently of hearing loss (for review, see Gordon-Salant 2006) . Although this holds for many aspects of temporal processing, consensus is lacking with regard to the processing of ongoing amplitude modulations or temporal envelopes. Temporal envelope refers to the slower amplitude fluctuation that is carried by the more rapid pressure oscillations, or fine structure, of a sound. The purpose of this study was to address the question of envelope processing in older listeners in an attempt to forge consensus on this issue.
Several studies suggest that older listeners do not exhibit deficits in temporal envelope processing. For tone detection in a subcritical band of noise, Peters and Hall (1994) found that the advantage conferred by square-wave modulating the noise amplitude was not diminished in older listeners. That is, the modulatedunmodulated threshold difference across a 10-to 50-Hz range of modulation rates exhibited no age effect. The ability to benefit from modulated noise depends in part on the ability to resolve the masker minima; i.e. it requires that the masker fluctuation pattern be followed with fidelity. In similar vein, Takahashi and Bacon (1992) , using sinusoidal modulation, found that differences across age groups for both modulation detection (temporal modulation transfer functions [TMTFs] ), as well as the benefit to masked speech recognition of modulating the masker at 8 Hz, were more a function of the audiometric hearing status of the listeners than their age per se. Speech recognition benefit in modulated maskers again relies in part on accurate coding of the masker envelope. Other evidence unsupportive of an age effect in temporal envelope processing comes from electrophysiological work. Boettcher et al. (2001) measured the 40-Hz amplitude modulation following response in younger and older listeners and found no differences in response amplitude over a wide range of modulation depths. These studies therefore suggest that, in the absence of peripheral sensory loss, older listeners exhibit the same envelope-processing capabilities as younger listeners.
In contrast, several studies have highlighted envelopeprocessing deficits in older listeners. In terms of speech recognition in modulated noise, a number of studies have shown age-related reductions in masker modulation benefit (e.g. Dubno et al. 2003; George et al. 2007; Gifford et al. 2007) . In these studies, square-wave modulation rates ranged from 2 to 50 Hz, and the speech material ranged from nonsense syllables to sentences. A study of TMTFs using tonal carriers found that older listeners had elevated thresholds relative to younger listeners for modulation frequencies Ն40 Hz, except at very high frequencies where performance was presumably based entirely on spectral cues; i.e. side-band resolution (He et al. 2008) . Some electrophysiological evidence also suggests envelope processing deficits in older listeners. Leigh-Paffenroth and Fowler (2006) measured the auditory steady state response (ASSR) in younger and older listeners using a "present/absent" response metric based on the phase coherence of the electroencephalographic component at the modulation frequency. They found that younger listeners had more phaselocked responses overall than older listeners for a 500-Hz carrier (but not for a 2000-Hz carrier), and that, across the two carrier frequencies, the older listeners also had less phaselocked responses at the highest tested rate of 90 Hz. A study by Purcell et al. (2004) included both psychophysical and electrophysiological measures. In both domains, a white noise was sinusoidally modulated at a depth of 25%, and the modulation frequency was varied. The highest modulation rate at which the modulation could be detected psychophysically was measured, as well as the highest modulation rate that elicited a detectable envelope following response. (Note that the terms amplitude modulation following response, envelope following response, and ASSR can be used interchangeably; the term ASSR will be used hereafter.) They found that the younger listeners could detect the presence of 25% modulation to a higher modulation frequency (567 Hz) than that of older listeners (264 Hz) and that the highest detectable ASSR modulation frequency was also significantly higher in younger listeners (494 Hz) than in older listeners (294 Hz); the two groups diverged in ASSR amplitude above about 100 Hz. These studies therefore suggest that older listeners do exhibit deficits in envelope processing, whether measured psychophysically or electrophysiologically.
Although the literature contains divergent findings with regard to the effect of age on envelope processing, one trend that emerges from these studies is that age effects are more likely to be present at higher envelope frequencies. For example, the absence of an age effect found psychophysically by Peters and Hall (1994) and electrophysiologically by Boettcher et al. (2001) used modulation rates Յ50 Hz. He et al. (2008) also found no age effect at the lowest modulation frequency tested of 5 Hz. Likewise, Purcell et al. (2004) found no age effect in the amplitude of the ASSR response when the modulation frequency ranged from 30 to 50 Hz. In contrast, the modulation frequency that generated the largest ASSR age effect in the Leigh-Paffenroth and Fowler (2006) study was 90 Hz, and the separation between younger and older listeners found psychophysically and electrophysiologically by Purcell et al. (2004) occurred for modulation rates Ͼ100 Hz. Therefore, one hypothesis that can be constructed from this pattern of data is that advanced age affects measures of temporal envelope processing at high modulation rates but not at low rates. A purpose of this study was to test this hypothesis; specifically, this study tested whether ASSR amplitudes are reduced in older listeners for high modulation rates but not for low modulation rates.
As suggested earlier, it is reasonable to suppose that the benefit to masked speech recognition of modulating the masker depends in part on the fidelity with which the masker envelope is encoded. In consequence, it might be expected that the recognition benefit should diminish as modulation rate is increased above the region of optimum modulation sensitivity. For broadband stimuli, this cutoff frequency is about 50 Hz (e.g. Viemeister 1979 ). However, Dubno et al. (2003) found that, for both younger and older listeners, the recognition benefit for speech presented at a moderate level in modulated noise declined once the modulation rate exceeded 25 Hz. It is therefore possible that other factors in addition to temporal envelope coding play a role in this effect. One possibility is that the limiting factor in speech recognition in modulated noise is the relative sparsity of available speech cues that have become constrained in modulated noise because of the limited "windows" during which the speech can be glimpsed (Miller & Licklider 1950; Buss et al. 2004; Cooke 2006) . Another way of expressing this reduction in available speech cues is as a reduction in the redundancy of the speech signal. Speech redundancy refers to the multiplicity of coexisting speech cues, including contextual, coarticulatory, and other acoustic cues. Constraining these cues can therefore be viewed as a reduction in speech redundancy. If this reduced speech redundancy affects older listeners more than younger listeners, a detriment in speech recognition benefit will be observed. For example, suppose that the cues for speech recognition are effectively less redundant for older listeners than younger listeners even in optimal listening conditions. This could arise in a number of ways, including degraded coding of individual cues or a reduced ability to combine multiple cues. Nonetheless, as long as sufficient cues for speech recognition remain available, the performance of older listeners will not show any detriment. However, once the listening conditions constrain the cues still further, the older listeners will now be proportionally more affected than the younger listeners. In the context of masked speech recognition, it is possible that younger and older listeners exhibit similar performance in a steady masker because sufficient speech cues are continuously available to each group; that is, there is no temporal interruption in the availability of the sufficient cues. However, in the modulated masker where speech recognition is presumably based mainly on the fragments of speech available during the periods of advantageous speech-to-masker ratios in the masker minima, the cue set becomes more constrained by virtue of the temporal interruptions. This results in a performance detriment in the older listeners relative to the younger listeners. The net result is a reduced speech recognition advantage in modulated noise for the older listeners. If this suggestion is reasonable, then the benefit to speech recognition of modulating the masker should be sensitive not only to the rate of masker modulation but also to the relative redundancy of the speech for a given listener. One way to test this would be to assess the magnitude of speech unmasking (i.e., the benefit to speech recognition of modulating the masker) as a function of the inherent redundancy of the speech material. This forms the second purpose of this study-to test the effects of age on speech unmasking as a function of the masker modulation rate and the redundancy of the speech material. The hypothesis is that older listeners will exhibit reduced speech unmasking relative to younger listeners at higher masker modulation rates and especially for lessredundant speech. Speech redundancy was manipulated by varying speech rate, as discussed later.
In summary, the purpose of this study was to determine whether temporal envelope processing is degraded in older listeners. Two experiments were undertaken. The first examined speech unmasking in modulated noise as a function of modulation rate and speech redundancy. A goal of this experiment was to ascertain whether performance deficits of older listeners in modulated noise related to poor temporal coding of the modulated masker envelope or to reduced speech redundancy. The second experiment measured ASSR amplitudes at a low and a high modulation rate for two carrier frequencies. The purpose of this experiment was to test the hypothesis that the older listeners exhibit reduced amplitudes at high modulation rates but not at low rates. By testing the same listeners across the two experiments, both behavioral and electrophysiological information could be brought to bear on the question of temporal envelope processing in older listeners.
EXPERIMENT 1: SPEECH UNMASKING AS A FUNCTION OF SPEECH RATE AND MASKER MODULATION RATE
The purpose of this experiment was to test the hypothesis that older listeners exhibit reduced speech unmasking relative to younger listeners at higher masker modulation rates, especially for speech with reduced redundancy. As noted earlier, there are several dimensions along which the redundancy of speech can be varied, such as contextual integrity (e.g., highpredictability versus low-predictability speech) and acoustic integrity (e.g., filtered versus unfiltered speech). In this study, speech redundancy was varied by manipulating the degree of temporal compression or speech rate. Time compression of speech can be implemented in a number of ways; for example, dropping every "nth" sample of the digital waveform or culling every "nth" frame of a steady-state segment. The degree of compression is usually defined as the percentage by which the duration of the original speech waveform is reduced. Each compression algorithm comes with associated costs in terms of signal distortion. Because the algorithms involve removal of parts of the speech waveform, they inherently reduce the acoustic redundancy of the speech signal. Several studies have shown that the ability to recognize time-compressed speech is often reduced in older listeners (e.g. Gordon-Salant & Fitzgibbons 2004; Wingfield et al. 2006; Jenstad & Souza 2007) . However, whether older listeners have difficulty with time-compressed speech depends on a complex interaction of factors, including compression rate, compression method, and type of speech material. For example, Vaughan and Letowski (1997) found that older listeners did not show substantial deficits for repeating highly predictable sentences until the temporal compression rate was increased above 60%. In contrast, time compression of even 50% can result in performance deficits for low-predictability sentence material (Gordon-Salant et al. 2007 ). Thus, the effects of time compression depend on contextual redundancy. The acoustic characteristics of the time-compressed speech can also affect performance. In a study that compared the effects of different compression algorithms, Schneider et al. (2005) found that the recognition of time-compressed speech by older listeners was minimally affected if the compression algorithm removed only steadystate segments, preserving key speech features. In that study, speech recognition was measured in a 12-talker babble background that was otherwise unmodulated. A similar compression technique was chosen here (see below) to minimize signal distortion. Finally, although it is intuitive that deficits in perceiving rapid speech might also reflect a general slowing of processing speed in older adults, Jenstad and Souza (2007) have shown that rapid speech deficits are associated primarily with the loss of acoustic redundancy in the speech signal rather than with a loss of processing speed in the listener. In summary, the purpose of this experiment was to assess speech unmasking as a function of listener age to gauge the fidelity with which the temporal envelope is processed. Speech unmasking was measured for two masker modulation rates and, in addition, the redundancy of the speech was manipulated using time compression.
Method
Observers • The observers were young (N ϭ 10) and older (N ϭ 10) adults with relatively normal hearing. The young observers ranged in age from 21 to 29 years (mean ϭ 25.0 years) and had audiometric thresholds Յ20 dB HL across the octave frequencies 250 to 8000 Hz. The older observers ranged in age from 63 to 75 years (mean ϭ 68.7 years) and had audiometric thresholds Յ20 dB HL across the octave frequencies 250 to 4000 Hz, with the exception of two observers who had thresholds of 25 dB HL at 4000 Hz. Most of the older observers had some threshold elevation at higher frequencies. Table 1 lists the mean (standard deviations) audiometric thresholds across frequency for the two groups.* Stimuli • The target speech consisted of the revised Harvard list of phonetically balanced sentences, known as the IEEE sentences (72 lists of 10 sentences each; IEEE 1969). The master corpus was a prerecorded version of the speech material (Loizou 2007) that was transferred to a computer hard drive for off-line processing. After down-sampling to a rate of 24,414 Hz, one copy of the speech material was left unmodified while a second copy was submitted to a time-compression algorithm. Time compression was applied using a Waveform Similarity OverLap Add algorithm (SoundTouch©, Espoo, Finland). This processing compresses the time waveform without altering its pitch by removing brief segments of the waveform that are replicated in time (i.e., redundant) such as periodicity segments. The algorithm was set to increase the tempo of the signal by 50%, which resulted in a reduction in the duration of each speech waveform to 67% of its original length. The 33% time-compressed speech will be hereafter referred as rapid speech.
The target speech was masked by a continuous broadband noise shaped to have the same long-term spectrum as the sentences. The masker was either presented in its steady mode (i.e., "unmodulated"), where no extraneous modulation was imposed, or it was square-wave modulated at a rate of 16 or 32 Hz. Masker level was defined as the root mean square of the unmodulated masker in decibels sound pressure level (dB SPL). No additional level adjustment was applied to the modulated masker. Procedure • Masked speech thresholds were measured in a computerized adaptive procedure that varied the masker level while keeping the target speech level fixed. In each trial of an adaptive threshold track, a target sentence was selected from the appropriate corpus (normal or rapid speech) and presented to the observer at a fixed level of 65 dB SPL. For each observer, the initial sentence in the experiment was selected randomly from within the appropriate corpus and subsequent sentences progressed sequentially from that point across trials and across tracks. No observer received the same sentence twice, and no two observers received completely overlapping sequences of sentences. After each presentation, the observer repeated the perceived sentence aloud, and the experimenter (outside the booth monitoring the response over headphones *Although the older listeners generally had slightly poorer audiometric thresholds relative to the younger listeners, none of the experimental data reported in this study showed any association with observers' audiometric sensitivity. via a talk-back loop) scored it as correct/incorrect, where missing any of the five keywords/sentence resulted in a score of incorrect. This score was entered into the adaptive program via a computer mouse click and the masker level for the next trial was adjusted based on the stepping rule. The masker level was increased by 2dB after a correct response, and decreased in level by 2dB after an incorrect response, resulting in a convergence on the masker level at which the speech was recognized at the 50% correct point. The adaptive threshold track was terminated after six reversals in masker level, and the estimate of threshold for that track was taken as the mean of the final four reversal levels. Note that in this method of fixed signal level and variable masker level, higher thresholds denote better performance because they indicate that the observer is able to tolerate greater masker energy while still correctly perceiving the target sentence. Masked thresholds for both normal and rapid speech were measured for three masker modulation rates: 0 Hz (steady masker), 16 Hz, and 32 Hz. For each condition, three estimates of threshold were measured, with a fourth collected if the range of the first three was Ͼ3 dB. The final threshold for that condition was taken as the mean of all estimates collected. The conditions were blocked for an observer, but the order of conditions across observers was random. No specific training was incorporated. Stimuli were presented monaurally under Sennheiser HD580 headphones in a sound-attenuating booth. The left ear was selected as the test ear unless the audiometric sensitivity in the right ear better met the inclusion criteria; five of the older observers were tested in the right ear.
Results and Discussion
The masker levels at threshold are plotted as a function of masker modulation rate in Figure 1 . Panels A and B show individual and mean data for normal and rapid speech, respectively, for both younger (circles) and older (squares) listeners. The mean data and associated standard deviations are replotted for all conditions in panel C for both age groups, with filled symbols indicating normal speech and open symbols indicating rapid speech. The modulation masking release (speech un-masking) is plotted as a function of modulation rate in Figure  2 . This portrays the difference in thresholds between the steady masker (0-Hz modulation) and the masker modulated at either 16 or 32 Hz. Again, individual and mean data are shown in Panels A and B for normal and rapid speech, respectively, with Panel C replotting all mean data. The same labeling conventions are used as in Figure 1 . The key observations from these data can be summarized as follows:
Speech unmasking as a function of age • The benefit to speech recognition of modulating the masker, as a function of Fig. 1 . Masker level at threshold plotted as a function of masker modulation rate. Panels A and B are individual and mean data for normal and rapid speech, respectively, for both younger (circles) and older (squares) listeners. The mean data and associated standard deviations are replotted for all conditions in panel C for both age groups. Fig. 2 . Modulation masking release plotted as a function of modulation rate. Panels A and B are individual and mean data for normal and rapid speech, respectively, for both younger (circles) and older (squares) listeners. The mean data and associated standard deviations are replotted for all conditions in panel C for both age groups.
listener age, was assessed by comparing the derived masking release for normal speech across the two age groups for both masker modulation rates (see Fig. 2 ). The masking release magnitudes were submitted to an analysis of variance (ANOVA) with one between-subjects factor (age: younger and older) and one within-subjects factor (modulation rate: 16 and 32 Hz). The analysis indicated a significant effect of age (F 1,18 ϭ 11.02; p Ͻ 0.01) and a significant effect of modulation rate (F 1,18 ϭ 5.91; p ϭ 0.026); the interaction between these two factors was not significant (F 1,18 ϭ 1.09; p ϭ 0.31). This result indicates that older listeners do not benefit as greatly as younger listeners when the masker is modulated (i.e., they show less speech unmasking) and that both age groups exhibit less benefit for a 32-Hz modulation rate than for a 16-Hz modulation rate. It is evident from Figure 2 that one older listener exhibited particularly low speech unmasking; however, repeating the analysis with this observer excluded did not change the pattern of effects. Reduced speech unmasking in older listeners has been found in several studies (e.g. Dubno et al. 2003; George et al. 2007; Gifford et al. 2007) , and the reduction in magnitude of speech unmasking with increasing modulation rate, irrespective of listener age, parallels the finding of Dubno et al. (2003) .
Effect of speech rate as a function of age •
The effect of speech rate on masked speech recognition, as a function of age, was assessed by comparing sentence recognition performance across the two age groups for normal and rapid speech presented in the steady masker (see Fig. 1 ). The masker levels at threshold were submitted to an ANOVA with one betweensubjects factor (age: younger, older) and one within-subjects factor (speech type: normal, rapid). The analysis indicated a significant effect of age (F 1,18 ϭ 9.39; p Ͻ 0.01), a significant effect of speech type (F 1,18 ϭ 165.93; p Ͻ 0.001), and a significant interaction between the two factors (F 1,18 ϭ 19.78; p Ͻ 0.001). Post hoc analysis of the interaction term indicated that the two age groups did not differ for the normal speech (F 1,18 ϭ 0.08; p ϭ 0.78) but differed for the rapid speech (F 1,18 ϭ 16.23; p ϭ 0.001). This result indicates that increased age does not affect the perception of normal speech presented in a steady masker, but that older listeners are poorer at perceiving rapid speech under the same masking condition. Reduced recognition of rapid speech by older listeners has been found in several studies (e.g. Gordon Age effects as a function of speech rate and modulation rate • The analyses above highlight several key points: (1) for normal speech presented in a steady masker, older listeners show no detriment in speech recognition performance relative to younger listeners; (2) when the masker for the normal speech is modulated, the older listeners show less speech unmasking relative to younger listeners; and (3) when the masker remains steady but the speech rate is increased, the older listeners show a greater performance deficit than the younger listeners. These points generally confirm previous findings, and the main question of interest in this experiment was how these two dimensions (speech rate and masker modulation rate) interact with each other as a function of listener age. To test this, the magnitudes of masking release were compared for the various combinations of speech rate and modulation rate for the two age groups. The ANOVA had one between-subjects factor (age: younger, older) and two within-subjects factors (speech rate: normal, rapid; and modulation rate: 16 Hz, 32 Hz). The analysis revealed no main effect of age (F 1,18 ϭ 3.17; p ϭ 0.092) but a significant interaction of age and speech rate (F 1,18 ϭ 12.95; p ϭ 0.002). The main effect of speech rate itself was significant (F 1,18 ϭ 80.5; p Ͻ 0.001) and, in addition to the interaction just noted, the interaction between speech rate and modulation rate was also significant (F 1,18 ϭ 5.45; p ϭ 0.031). The main effect of modulation rate was not significant (F 1,18 ϭ 1.09; p ϭ 0.31) nor was its interaction with age group (F 1,18 ϭ 0.013; p ϭ 0.91) . Finally, the three-way interaction of age ϫ speech type ϫ modulation rate was also not significant (F 1,18 ϭ 2.9; p ϭ 0.11). Post hoc analysis of the interaction between age and speech rate indicated that the older listeners exhibited less masking release than the younger listeners for normal speech (F 1,18 ϭ 11.02; p Ͻ 0.01), as noted earlier, but that the two age groups did not differ significantly in the magnitude of masking release for the rapid speech (F 1,18 ϭ 0.085; p ϭ 0.77). Analysis of the interaction between speech rate and modulation rate indicated that, for the normal speech, significantly more masking release was observed at 16-Hz modulation than at 32-Hz modulation (F 1,18 ϭ 5.91; p ϭ 0.03), again as described earlier, but that no effect of modulation rate was observed for the rapid speech (F 1,18 ϭ 0.38; p ϭ 0.55). In summary, these results indicate that, for rapid speech, no age effect for masking release and no difference in the magnitude of masking release were observed for the two modulation rates. Effects of listener age and masker modulation rate on the magnitude of masking release are observed only for normal speech.
Experiment 1 confirms that, for normal speech, older listeners exhibit less speech unmasking than younger listeners. A key consideration is whether this demonstrates a deficit in temporal envelope coding (of the masker) or whether it reflects some other factor perhaps related to the redundancy of the available speech. We contend that the data pattern is consistent with an interpretation in terms of reduced speech redundancy rather than deficits in envelope coding. That is, the failure of older listeners to benefit from a modulated masker to the same extent as younger listeners for normal speech is likely because the effective speech cues during the masker minima are more restricted for the older listeners, not because the minima are less resolved. The logic of this interpretation is based on the premise that younger listeners with normal hearing exhibit optimum modulation processing of low-frequency envelopes (as measured, e.g., by TMTFs). For these listeners, it can be assumed that envelope processing is equivalent for the two modulation rates of 16 and 32 Hz. This premise leads to two conclusions regarding the speech performance of the younger listeners: (1) for normal speech, the reduced benefit of modulating the masker at 32 Hz versus 16 Hz must be caused by a reduced ability to reconstruct the speech signal from the available "glimpses" during the shorter and more frequent masker minima and (2) the reduced benefit of modulating the masker for rapid speech relative to normal speech must be the result of poorer residual speech cues existing during the masker minima in the case of rapid speech. These two conclusions guide the interpretation of the performance of older listeners in the same conditions. First, for normal speech, the older listeners also exhibit a reduction in the benefit of modulating the masker at 32 Hz versus 16 Hz, which parallels that of the younger listeners. This parallel effect of masker modulation rate across the two age groups for normal speech suggests that the decline observed in the older listeners occurs for the same reason as it does for the younger listeners; that is, a reduced ability to reconstruct the speech signal from the available glimpses during the shorter and more frequent masker minima rather than a deficit in coding the masker envelope, per se. Second, for rapid speech relative to normal speech, the older listeners actually show less reduction in masker modulation benefit compared with that of younger listeners; that is, collapsed across modulation rates the reduction is 7 dB for the younger listeners but only 3 dB for the older listeners. This suggests that the magnitude of the masker modulation benefit for the older listeners is driven more by the inherent quality of speech cues available than by the resolution of the masker envelope itself. In summary, the results of experiment 1 suggest that the reduced speech unmasking seen in older listeners for relatively slow modulation rates is not due to deficits in envelope processing but rather is associated with the more constrained redundancy of the speech material.
EXPERIMENT 2: ASSR AMPLITUDE AS A FUNCTION OF CARRIER AND MODULATION FREQUENCIES
The purpose of this experiment was to undertake an electrophysiological test of the hypothesis that advanced age affects measures of temporal envelope processing at high modulation rates but not at low rates. The electrophysiological test consisted of the measurement of ASSR amplitude at a low and a high modulation rate. The low modulation rate was 32 Hz, which corresponds to one of the masker modulation rates used in experiment 1 and is also in the general vicinity of the rate used in a previous ASSR study where no age effect was observed (Boettcher et al. 2001 ). The high modulation rate was 128 Hz, which is within the range of frequencies where two previous ASSR studies had observed age effects (Purcell et al. 2004; Leigh-Paffenroth & Fowler 2006) .
Method
Observers • The same 20 observers from experiment 1 participated in experiment 2. Stimuli • ASSRs were elicited with sinusoidally amplitudemodulated tones having carrier frequencies (ƒ c ) of 500 or 2000 Hz and modulator frequencies (ƒ m ) of 32 or 128 Hz. Modulation depth was 100%. Stimuli were presented monaurally at a level of 75 dB HL. For each observer, the test ear was the same as that used in the experiment 1. Procedure • Observers relaxed in a reclining chair in a sound-attenuating booth and watched a silent movie of their choice with captioning. Single-channel recordings were made ipsilateral to the test ear using the BioLogic MASTER™ research system (Mundelein, IL). The noninverting electrode was placed at Fz, the inverting electrode on the ipsilateral earlobe, and the ground electrode at Fpz. Electrode impedances were maintained at Յ3 k⍀. The MASTER system band-pass filters the recorded EEG from 1 to 300 Hz and defaults to collect a maximum of 32 sweeps of 16 epochs/sweep, where each epoch consists of a 1024-point time segment sampled at a rate of 1000 Hz (John & Picton 2000) . An artifact rejection criterion of 40 V was used. After every 16 epochs, the display of the EEG spectrum in the region of the modulation frequency is refreshed, along with an update on the probability that the magnitude of the spectral component at ƒ m is drawn from the same distribution as the surrounding noise (F statistic corresponding to the signal to noise ratio). A run was terminated before the default stopping criterion if the F ratio remained significant for several consecutive sweeps and the background noise level was less than about 20 nV. If the component amplitude at ƒ m was not significantly different from the noise floor after 32 sweeps of 16 epochs/sweep, the response was considered absent. For each of the four combinations of ƒ c and ƒ m , two replications of ASSR amplitude were collected and averaged.
Results and Discussion
The results of experiment 2 are shown in Figure 3 , where ASSR amplitude is plotted for each combination of ƒ c and ƒ m . Mean data, with associated standard deviations, are shown as large symbols, with individual data offset to either side for younger (circles) and older (squares) listeners. Note that for four cases among the older listeners, the EEG component at ƒ m ϭ 128 Hz was not significantly different from the surrounding EEG noise. In each of these four cases, the failure to detect a significant ASSR was not caused by an elevated noise floor. The amplitudes recorded for these cases are identified as inverted triangles. To determine whether there was an effect of age as a function of either ƒ c or ƒ m , the ASSR amplitudes were submitted to an ANOVA with one between-subjects factor (age: younger, older) and two within-subjects factors (carrier frequency: 500 Hz, 2000 Hz; modulation frequency: 32 Hz, 128 Hz) . Two points should be noted: (1) the statistical analyses were performed on the log transforms of the data. Although the standard errors of skewness of the ASSR amplitude distributions across observers for each modulation rate were always Ͻ0.38 on both linear and logarithmic scales, the skewness was always smaller for the logarithmic transform, and therefore this scale was selected for analysis.
(2) For the four instances where the amplitude of the spectral component at ƒ m ϭ 128 Hz failed to differ significantly from the surrounding noise floor, the measured amplitude of the component at this frequency was entered into the data set. The results of the analysis revealed no overall effect of age group (F 1,18 ϭ 1.56; p ϭ 0.23) but a significant interaction of age and ƒ m (F 1,18 ϭ 9.62; p Ͻ 0.01). The main effects of ƒ c and ƒ m were significant (F 1,18 ϭ 21.1 and 134.27, respectively; p Ͻ 0.01), as was the interaction between these two factors (F 1,18 ϭ 15.0; p Ͻ 0.01). The interaction between age group and ƒ c was not significant (F 1,18 ϭ 3.57; p ϭ 0.08), and the three-way interaction between age ϫ ƒ c ϫ ƒ m also failed to reach significance (F 1,18 ϭ 4.29; p ϭ 0.053). Post hoc analysis of the interaction between age and ƒ m indicated that the ASSR amplitudes of the two age groups did not differ for ƒ m ϭ 32 Hz (F 1,18 ϭ 0.71; p ϭ 0.41), but for ƒ m ϭ 128 Hz, the amplitudes of the older listeners were significantly reduced (F 1,18 ϭ 8.23; p ϭ 0.01). Analysis of the interaction between ƒ c and ƒ m indicated that the amplitude difference between ƒ m ϭ 32 Hz and 128 Hz was highly significant at both carrier frequencies (F 1,18 ϭ 129.09 and 96.27, respectively; p Ͻ 0.001). In summary, this pattern of results shows that the ASSR amplitudes of older listeners are decreased compared with young listeners for high modulation rates (ƒ m ϭ 128 Hz) but not for low modulation rates (ƒ m ϭ 32 Hz) at both carrier frequencies tested.
Two other subsidiary analyses are of interest. The first subsidiary analysis dealt with the comparative ASSR noise floor amplitudes across the two groups (collapsed across ƒ c ). This analysis indicated no main effect of age group (F 1,18 ϭ 1.41; p ϭ 0.25) but a significant effect of ƒ m (F 1,18 ϭ 50.69; p Ͻ 0.01) and a significant interaction between age and ƒ m (F 1,18 ϭ 10.0; p ϭ 0.005). Post hoc analysis of this interaction indicated that, for both age groups, the noise floor was lower for the 128-Hz rate than for the 32-Hz rate (F 1,18 ϭ 7.85 and 52.81 for the younger and older observers, respectively; p Յ 0.01). However, of greater interest was the finding that the two age groups did not differ in their noise floor amplitudes at the 32-Hz rate (F 1,18 ϭ 0.08; p ϭ 0.79), but did at the 128-Hz rate (F 1,18 ϭ 6.46; p ϭ 0.02), with the older group having the lower noise floor. This latter finding prompted a second subsidiary analysis addressing the number of sweeps collected at each ƒ m . Independent t tests on the number of sweeps collected at each ƒ m for the two age groups revealed a significantly greater number of sweeps collected for the older listeners at 128 Hz (t 18 ϭ 3.15; p ϭ 0.006) but not at 32 Hz (t 18 ϭ 0.65; p ϭ 0.53). Therefore, the finding of reduced ASSR amplitudes at 128 Hz in the older listeners is accompanied by reduced noise floor amplitudes that may, in turn, reflect an increase in the required number of collection sweeps relative to younger listeners to reach termination criterion.
The results of this experiment are compatible with the study of Boettcher et al. (2001) , which failed to find an age effect, and Leigh-Paffenroth and Fowler (2006) and Purcell et al. (2004) , which did find an age effect. Specifically, Boettcher et al. (2001) tested only at a relatively low rate of 40 Hz, not dissimilar from the 32-Hz rate, which showed no age effect here, whereas the other two studies also tested at higher rates, with the study of Purcell et al. (2004) encompassing the 128-Hz rate, which showed an age effect here. Thus, it seems that there is a general consensus across electrophysiological studies that advanced age can result in deficits in temporal envelope processing, but only at high rates.
GENERAL DISCUSSION AND CONCLUSION
The conclusion from electrophysiological data that temporal envelope processing deficits are present in advanced age, but only at high rates, is generally compatible with psychophysical findings. The study of Purcell et al. (2004) showed age differences in the highest modulation rate that could be behaviorally detected, and He et al. (2008) also observed age-related deficits in high-frequency envelope processing as measured by tonal TMTFs. The general compatibility between electrophysiological and psychophysical findings would suggest an association between these two measures. In this study, the two experiments included the common envelope frequency of 32 Hz (square-wave modulation of the speech masker in experiment 1 and sinusoidal modulation of the ASSR stimulus in experiment 2). However, an examination of the correlations among the various measures associated with the 32-Hz modulation rate across the two experiments showed no significant relationships. These measures included (1) the masker level at speech reception threshold; (2) the derived speech benefit in modulated noise; and (3) the amplitude of the ASSR components at 32 Hz expressed in both linear and logarithmic units. Indeed, examination of the complete matrix of correlations among variables in experiments 1 and 2 revealed only one significant correlation-that between the amplitude of the 32-Hz ASSR at 500 Hz and the masker level at speech reception threshold for the unmodulated masker (r ϭ 0.50, p ϭ 0.026). The interpretation of this correlation is not immediately clear.
In summary, the purpose of this study was to determine whether temporal envelope processing deficits exist in older listeners. The first experiment examined temporal envelope processing as it relates to speech unmasking in modulated noise. The experiment tested the hypothesis that older listeners exhibit reduced speech unmasking relative to younger listeners at higher masker modulation rates and especially for less redundant speech. This hypothesis was only partially supported. Whereas the older listeners did show reduced unmasking for normal speech at the higher rate of 32 Hz, they showed the same reduction at the slower rate of 16 Hz. Moreover, in contrast to the hypothesis, older listeners did not show an exacerbated deficit in unmasking for the less-redundant speech. The results were interpreted as indicating that deficits in speech unmasking in modulated noise in older listeners are due, not to deficits in envelope processing of the masker per se, but rather to a reduced redundancy of the speech material. The second experiment was designed to test the hypothesis that advanced age affects temporal envelope processing at high modulation rates but not at low rates. The results supported the hypothesis, showing reduced ASSR amplitudes in older listen-ers relative to young listeners for a high modulation rate but not for a low modulation rate irrespective of carrier frequency. The general conclusion is that deficits in temporal envelope processing are evident in advanced age, but only for relatively high envelope frequencies.
